A combination of absorption and fluorescence spectroscopic studies with isothermal calorimetric titrations and stopped-flow measurements is a powerful way to reveal the thermodynamics and kinetics of inclusion complex formation with cucurbit[8]uril (CB8). The unique photophysical characteristics of berberine (B + ), a pharmaceutically important natural alkaloid, was exploited to distinguish the consecutive encapsulation processes, and to examine the confinement in CB8 cavity. The highly environment sensitive fluorescence lifetime of B + permitted of the selective detection of various cucurbituril complexes, and indicated to what extent the embedded guest is available for interaction with water. Highly stable 1:1 and 2:1 B + CB8 complexes were produced due to the release of the high energy water molecules from the CB8 interior, and the second binding step proved to be almost 3 times more exothermic. The favorable entropy change appreciably contributed to the driving force of 1:1 encapsulation. Contrarily, the embedment of the second B + in CB8 led to substantial entropy diminution. The kinetics of encapsulation was followed in real time by recording the fluorescence intensity change after rapid mixing of B + and CB8. No evidence was found for intermediates. The rate constants of (64 ± 9)×10 6 , and (5.0 ± 0.5)×10 6 M 1 s 1 were found for 1:1 and 2:1 associations, whereas 3.8 ± 0.6, and 0.6 ± 0.1 s 1 were obtained for the rate constants of the reverse processes at 283 K, respectively.
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Accepted Manuscript www.rsc.org/pccp PCCP photodynamic therapy sensitizer, towards bovine serum albumin due to ternary complex formation with the tryptophan residue of the protein. 31 Despite the crucial importance of the knowledge of the entry and exit rates in many applications, very few information is available on the dynamics of the consecutive inclusion of two guests in CB8, and a complete kinetic analysis of the reversible binding steps have not been performed. On the basis of oscillatory rheological measurements, Scherman obtained 9.6×10 7 M 1 s -1 and 1200 s 1 for the association and dissociation rate constants of CB8 ternary complex formation of the polymer-linked methyl viologen and naphthoxy moieties. 32 Sivaguru and coworkers examined the CB8-catalyzed photodimerization of 6-methylcoumarin, and found 1.1 s 1 and 0.18 min 1 for the rate of the pseudo-first order formation of 1:1 and 1:2 host:guest complexes. 33 The ingression and egression rates were examined predominantly with cucurbit [6] uril (CB6), [34] [35] [36] [37] [38] [39] and only a few studies focused on the dynamics of cucurbit [7] uril (CB7) complexes. [40] [41] [42] [43] [44] Kinetic studies provide mechanistic information that cannot be obtained from thermodynamic results. [45] [46] CBn hosts have considerable potential in the delivery, stabilization, solubilization and controlled release of drugs. [47] [48] We have demonstrated that berberine (B + ), a pharmaceutically important isoquinoline alkaloid, is an excellent guest for the investigation of the complex formation dynamics with CB7. 44 Activation enthalpy of 32 and 69 kJ mol −1 were found for the association and dissociation implying that the tight carbonyl-laced portal of the host constituted a steric barrier.
Herein, we report the first combined kinetic and thermodynamic study of the reversible 1:1 and 2:1 inclusion in CB8 cavity. Our main objective was to reveal how the enlargement of the macrocycle to CB8 affects the fluorescence behavior, stoichiometry of binding, and the 6 experimental details have been reported in a former paper. 44 Fluorescence decays were measured with time-correlated single-photon counting technique using the previously described instrument. 49 The results of spectrophotometric and fluorescence titrations were analyzed with homemade programs written in MATLAB 7.9. Semiempirical calculations with AM1 method were carried out with HyperChem 8.0 program.
Isothermal titration calorimetry was carried out with a VP-ITC (MicroCal) instrument at 298 K. All solutions were degassed prior to titration. B + solution (390 M) was added stepwise in a series of 46 injections (6 l each) from the computer-controlled microsyringe at an interval of 270 s into a 1.433 ml cell containing 21 M CB8 solution, while stirring at 300 rpm. The dilution heat, which was determined by adding B + solution into water under the same condition as in the titration of CB8 was subtracted. The results were analyzed with the two consecutive binding model using Microcal ORIGIN software. The first data point was always removed. The titrations were repeated three times.
RESULTS

Absorption and fluorescence characteristics of CB8 complexes
The absorption spectrum of 3.5 M B + shows distinct changes below and above 2.2 M CB8 concentration indicating the formation of two types of complexes. At low CB8 concentration, the hypochromicity of the bands and the slight red-shift of the lowest energy absorption maximum (red line b in Figure 1A ) are attributed to the inclusion of two B + in the nonpolar cavity of the host. Further addition of CB8 brings about small hyperchromicity accompanied by a blue-shift for the first two absorption bands implying the transformation from 2:1 (2B + @CB8) to 1:1 (B + @CB8) complexes. The blue line (c) in Figure 1A displays the absorption of the latter species. The lowest energy absorption bands for B + and B + @CB8 barely differ. The absorbance variation at 340 nm with CB8 concentration reaches a minimum at less than 1:1 B + :CB8 stoichiometric ratio ( Figure 1B) suggesting that not only a single B + is confined in CB8. The absorbance values were analyzed by a homemade MATLAB 7.9 program as described in our previous paper. 49 Assuming consecutive inclusion of 2 B + , the nonlinear least-squares fit of the experimental data The benzodioxole groups of the 2:1 complex are oriented to opposite directions, whereas the isoquinoline rings are slightly less deeply immersed in CB8 than in the case of the 1:1 associate.
CB8 has a rather uniform negative electrostatic potential inside the cavity and at the portal area, 18 which probably contributes to the screening of the electrostatic repulsion between the two positively charged guests. intensity of B + @CB8 and B + @CB7 were determined, and  F (B + @CB8) = 0.023±0.002 fluorescence quantum yield was calculated using the following relationship:
The quantum yield of 2B + @CB8 emission was measured using B + @CB8 as reference.
Two samples were prepared. Sample 1 contained 3.6 M B + and 2.4 M CB8, whereas the reference had 3.6 M B + and 110 M CB8. These solutions showed an isosbestic point at 384 nm, which was chosen as excitation wavelength for the fluorescence spectra. Because the molar absorption coefficients were equal in the isosbestic point, the absorbace of 2B + @CB8 (A(2B + @CB8)) was calculated from the total absorbance of sample 1 (A T ) using the molar fraction of 2B + @CB8 (X(2B + @CB8)) presented in Figure 4 :
Analogously, the integrated intensity of 2B + @CB8 (I(2B + @CB8)) was obtained as follows:
( 3) where I T stands for the total integrated intensity emitted from sample 1. The integrated intensities of sample 1 and the reference B + @CB8 solution (I(B + @CB8)) were determined under the same experimental conditions. The substitution of the derived quantities into the expression (4) provided  F (2B + @CB8) = 0.043±0.004 for the fluorescence quantum yield of .
Time-resolved measurements also confirmed the sequential confinement of two guests in 
Determination of the binding constant of 1:1 complexation by competitive method
The competitive binding of CB7 to B + and the large  constant for the latter host, K(B + @CB7) = 2.97×10 7 M 1 at 294 K, was taken from our previous study. 44 The best fit of the experimental data gave K 1 = (1.0 ± 0.2) ×10 7 M 1 in good agreement with the directly measured value (vide supra).
Thermodynamic parameters of B + confinement in CB8
To reveal the thermodynamics of host-guest association, fluorescence titrations were repeated at various temperatures. First, the temperature dependence of the equilibrium constant of B + @CB8 
using the published enthalpy (H) and entropy (S) values. 44 R stands for the gas constant.
Because K(B + @CB7) is known, only two fitting parameters, K 1 and the ratio of the fluorescence efficiencies of B + @CB8 and B + @CB7 at the detection wavelength, are involved in the analysis of competitive titration data. The van't Hoff plot of the calculated K 1 values (squares) is presented in Figure 6 . The equilibrium constant of 2B + @CB8 formation (K 2 ) was derived from the titration of B + with CB8 at various temperatures. The K 1 values, determined as described above, were fixed in the analysis of the results. Figure 6 shows that K 2 is more sensitive to temperature than K 1 .
Consequently, the difference between the stability of 1:1 and 2:1 complexes significantly grows at higher temperature. The nonlinear least-squares fit of the temperature dependence of K 1 and K 2 with a relationship analogous to eqn. 5 provided the thermodynamic parameters summarized in Table 2 . 
Isothermal calorimetric studies
To verify the enthalpy and entropy values obtained by fluorescence titrations, isothermal calorimetric measurements were performed. The latter method provides the most reliable information on the thermodynamics of inclusion complex formation due to the direct detection of the evolved reaction heat. However, the nonlinear least-squares analysis of the measured data 
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is difficult in the case of stepwise binding equilibria 30, 55 because of the too many fitting parameters. We used the results of fluorescence titrations as starting values for the iterations.
Successive amounts of 390 M B + were added to 21 M CB8 solution. After the initial growth, the released heat per injections decreased reaching an inflexion point at around 2:1 B + :CB8 molar ratio. (Figure 7 ) This indicates two binding steps, and the substantially larger exothermicity of the second process. When the alkaloid solution was injected into water, negligible dilution heat was observed. Nonlinear least-squares fit of the titration data with a sequential binding to two sites model provided the binding constants (K 1 = 9.4×10 6 M 1 and K 2 = 1.9×10 6 M 1 ) as well as the enthalpy changes (H 1 = 25.0 kJ mol -1 and H 2 = 68.6 kJ mol 1 ) for the two consecutive encapsulation equilibria. From these quantities, the standard free enthalpy (G n ) and entropy changes (S n ) were calculated on the basis of the relationship:
where R denotes the gas constant, and T stands for the temperature. The data in Table 2 demonstrate that the parameters derived from calorimetric and fluorescence titrations agree within the limits of experimental errors.
Kinetics of inclusion in CB8
The negligible emission of B + in water and the substantial fluorescence intensity enhancement upon complexation permitted us to follow the association with CB8 in real time. To slow down the rapid bimolecular encapsulation, dilute reactant solutions were employed, and the experiments were carried out at 283 K. Figure 8 in the equilibrium grew with CB8 concentration. The following relationships described the binding kinetics:
where , and , denoted the ingression and egression rate constants for 1:1 and 2:1 guest:host confinements, respectively. The numerical solution of this system of differential equations was fitted to the stopped-flow data keeping / = K 1 = 16. Figure 8 display the results of the nonlinear least-squares analysis, and the calculated rate constants are summarized in Table 3 . These kinetic parameters also describe well the stopped-flow traces recorded at 0.35 M CB8 and various B + initial concentrations (Figure 9 ). Table 3 . 
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DISCUSSION
Comprehensive kinetic and thermodynamic study of inclusion complex formation with CB8 has not been reported due partly to the difficulty of the detection of the fast entry into the macrocycle. The insufficient difference in the rate constants and/or enthalpy of 1:1 and 2:1 encapsulations also renders the analysis of the experimental data problematic. Moreover, the similar spectral behaviors of the complexes usually hinder the selective detection.
We have demonstrated that these obstacles do not prevent the complete characterization of the inclusion in CB8 when B + is used as a guest. The fluorescence lifetime measurement is a highly sensitive method to distinguish the various CBn complexes of B + . (Table 1 ) This alkaloid is able to detect that water stays in the cavity of CB8 even after 1:1 complex formation because the rate of the internal conversion is significantly accelerated when the local polarity is enhanced. 56 The long  F for B + @CB7 implies the removal of practically all water from CB7 upon embedment of B + . 44 On average, 13.1 water molecules reside in the more voluminous interior of CB8. 57 Only a fraction of these are expelled when a single B + is encapsulated. The interaction with the remnant water expedites the internal conversion from the singlet-excited state causing short (2 ns)  F for B + @CB8. The local polarity diminution, due to the replacement of the residual water upon the entry of the second B + into the host, results in twice larger  F for 2B + @CB8, but the excited-state deactivation remains more rapid than in the case of B + @CB7.
This partly arises from the less deep embedment in CB8 when 2 B + cations are complexed ( Figure 2 ). The enhanced water accessibility of B + caused thereby can lead to shorter  F compared with that of B + @CB7. The interaction between the -electrons of the encapsulated isoquinoline rings may also accelerate the radiationless energy dissipation of the singlet-excited 2B + @CB8.
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About twice smaller equilibrium constant was found for the binding in CB8 than in the smaller CB7 macrocycle 44 (Table 2) . Des ite the slight (≈ 2 kJ mol 1 ) difference in the driving forces at 298 K, the confinement is much less exothermic in CB8 than in CB7. Previous studies established that the removal of high-energy water molecules from CBn constitutes a major factor determining the binding affinity. 54, 57, 58 The hydrogen bond network is less optimized and the electrostatic interactions among water molecules is weaker in the nonpolar, extremely nonpolarizable CBn core than in the bulk solvent. Therefore, the exclusion of the cavity-bound water molecules and their reassembling in the bulk can bring about a substantial enthalpy gain. 57 The water network is less distorted in the larger CB8 than in CB7. As a consequence, the release of water from the former cavitand leads to less negative reaction enthalpy. The charge-dipole interactions also favorably contribute to the H 1 . This effect is larger for B + @CB7 because of the better match between the sizes of the encapsulated dimethoxy-isoquinoline moiety and the CB7 cavity. The looser binding in CB8 allows weaker host-guest van der Waals interactions leading to smaller contribution to H 1 . Due to the hydrophobic character and the delocalized charge of B + , its desolvation energy robably barely affects ΔH 1 . Table 2 shows that B + encapsulation is always enthalpically driven. A significant entropy increase accompanies B + @CB8 formation, whereas the confinement in CB7 causes only slight entropy gain. The displacement of water from the host cavity and from the solvate shell of B + is responsible for the entropy growth, which is partly compensated by the entropy diminution arising from the host-guest association and the integration of the released water molecules into the bulk solution. The larger S 1 for B + @CB8 compared to B + @CB7 can be rationalized by the loose B + complexation in CB8, which ensures that few degrees of freedom become limited.
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Surprisingly, the association of B + with B + @CB8 is much more exothermic than 1:1 complex formation (Table 2 ). This demonstrates that the release of high-energy water can overwhelm electrostatic repulsion between guest cations. Biedermann and Scherman have established that charge transfer interaction between guests of electron donor and acceptor characters is not the primary driving force of ternary complex formation with CB8. 18 They developed a comprehensive model, which emphasized the pivotal role of the exclusion of highenergy water from CBn cavity in the stabilization of inclusion complexes. 54, 57 The concept, which explains the trends in the thermodynamic parameters of many CBn complexes, 54,57 is also valid for the homoternary 2B + @CB8 associate. The number of cavity water molecules diminishes, but the energetic frustration of the residual water considerably increases upon embedment of a B + molecule in CB8 because energetically less optimized network can evolve in the remained small space. The much larger energy of the water in B + @CB8 than in CB8 leads to larger enthalpy gain when the second B + expels water from the macrocycle into the bulk.
Significantly smaller difference was observed between the enthalpy of 1:1 (H 1 = 44.0 kJ mol 1 ) and 2:1 complexation (H 2 = 51.5 kJ mol 1 ) when the N-terminal indole moieties of Trp-Gly-Gly tripeptide were embedded in CB8. 30 In the case of other homoternary complexes, the thermodynamic parameters of the sequential binding steps could not be resolved. 59, 60 B + confinement in B + @CB8 belongs to the most exothermic ternary complex formation processes of CB8 (see Supporting Information in reference 54 ). More negative H 2 was found only when secondary guests substituted with a long polyethylene glycol chain were confined to dicationic guest-CB8 complex. 61 However, the entropic contribution of the inclusion is so unfavorable for these compounds that the driving force of ternary complexation becomes much smaller than for 2B + @CB8. The unusually high exothermicity of 2B + @CB8 formation may 
suggest that the release of water not only from the cavity but also from the portal region of CB8 favorably contributes to H 2 . As seen in Figure 2 , a part of the spacious fused ring system of B + protrudes from CB8 in one direction, whereas a methoxy group is located outside the other portal. Such an inclusion complex structure may increase the energy of the water molecules not only in the interior of the macrocycle but also in the vicinity of its entrances. The ingression of the second B + moves the first encapsulated guest slightly outwards from the macrocycle ( Figure   2 ). Consequently, the water network alters at both carbonyl-fringed portals, which may contribute to the enthalpy gain of the second binding step.
The entropy diminution upon 2B + @CB8 formation (S 2 in Table 2 ) can be rationalized by the largely reduced degrees of freedom of the components in the tightly packed ternary complex. When Trp-Gly-Gly tripeptide produced homoternary complex with CB8, Urbach and coworkers observed S 2 = 26 kJ mol 1 for the entropy term. 30 In that case, the relatively small indole substituents were encapsulated. Therefore, more space remained in the host cavity, and the degrees of freedom were limited to a lesser extent than in the ternary complex of the bulky B + . The transfer of high-energy water from the macrocycle to the bulk also plays a role in the entropy decrease. The lack of optimized interactions among cavity-water molecules provides more conformational freedom, which is lost when the released water joins to the solvent network in the bulk.
We have obtained about 7 times higher rate constant for B + ingression into CB8 than into CB7 ( Table 3 ). Previous results proved that a constrictive binding takes place in the latter cavitand because its tight carbonyl-laced entrance constitutes a steric barrier. 44 The 0.15 nm larger portal diameter (d= 0.69 nm) for CB8 51 is not wide enough to ensure B + inclusion without structural change. In the energy-minimized structure of B + , the largest distance between the 
hydrogen at the position 12 and the hydrogen of the 9-methoxy substituent was found to be 0.71 nm. Taking into account the van der Waals radius of the atoms, it is evident that deformation of the reactants is needed to squeeze B + through the opening of CB8. Therefore, the entry rate constant is about 2 orders of magnitudes smaller than the rate constant of a diffusion controlled rocess (6.5×10 9 M 1 s 1 at 293 K). 62 Not only the association but also the exit from CB8 is faster compared with the corresponding process of CB7 because of the weaker steric hindrance in the case of the former more spacious macrocycle. The about 24 times more rapid dissociation of B + @CB8 compared with B + @CB7 (Table 3) is probably due to the smaller activation energy caused by the easier passage through the larger entrance of CB8.
Astonishingly, the confinement of the second B + is also fairly rapid (k 2 =5.0×10 6 M 1 s 1 ).
The electrostatic repulsion by the initially encapsulated guest and the limited space in B + @CB8 cause only 13-fold rate constant diminution as compared with the rate constant of the ingression into the uncomplexed CB8. 2B + @CB8 and B + @CB7 formations occur with similar rate constants. The slow escape of B + from 2B + @CB8 (k 2 = 0.6 s 1 ) is attributed to the large endothermicity of the process, whose activation enthalpy exceeds H 2 = 69 kJ mol 1 , the enthalpy of B + dissociation from the 2:1 complex ( Table 2) . Although H 2 matches the activation enthalpy of B + release 44 from B + @CB7, the egression from B + @CB7 is almost 4 times slower than from 2B + @CB8. The difference in the exit rate constants indicates that the removal of B + has a larger activation entropy (ΔS ‡ ) from 2B + @CB8 than from B + @CB7. In the latter case, ΔS ‡ = 19 Jmol 1 K 1 was found. 44
The rate constant of 2B + @CB8 formation (k 2 = (5.0 ± 0.5)×10 6 M 1 s -1 ) is significantly lower than the corresponding value (9.6×10 7 M 1 s -1 ) estimated on the basis of oscillatory rheological measurements for the association of the polymer-linked methyl viologen and Page 24 of 30 Physical Chemistry Chemical Physics Physical Chemistry Chemical Physics Accepted Manuscript naphthoxy moieties inside CB8. 32 The slower ternary complex production of B + probably originates primarily from its larger size, and to some extent, the electrostatic repulsion between the two cationic guests may also decelerate the coinclusion.
CONCLUSIONS
The unique fluorescence properties of B + facilitated the systematic study of the thermodynamic and kinetic details of the reversible 1:1 and 2:1 inclusion in CB8 macrocycle, which had not been possible with any other guests. Both association steps of B + occurred quickly, but their rate constants were 2-3 orders of magnitude lower than for a diffusion-controlled process. These results and molecular modeling calculations suggest that constrictive binding takes place not only with CB7 but also with the larger CB8 host because B + cannot pass through the carbonyllined portal without conformation modifications. The increase of the number of the glycoluril units from 7 to 8 in the macrocycle brings about only 7-fold rise in the rate constant of 1:1 inclusion, but many orders of magnitude slower encapsulations are typical for the 6-membered homologue. In contrast to the multistep confinements in CB6, [36] [37] [38] no intermediates are detected when the ingression is rapid such as the entry into CB7 40,44 and CB8 hosts. The rate constants for dissociation diminish in the series of B + @CB8 > 2B + @CB8 > B + @CB7, but the driving force of complexation does not follow the same trend indicating the lack of correlation between the kinetic and thermodynamic stabilities. This exemplifies that the kinetic behavior cannot be predicted on the bases of the binding constants of host-guest complexes. The knowledge of the rate constants of the reversible confinement is essential in many applications of CBn complexes, for example in the rational design of molecular devices, self-sorting systems and catalytic reactions. Due to their substantial stability, CB8 complexes of B + may be utilized in controlled release, targeted delivery, and alkaloid formulations. The high driving force of 2B + @CB8 
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